Abstract. Bone invasion is a critical prognostic factor for patients with oral squamous cell carcinoma (OSCC). We established an orthotropic implantation model using the murine OSCC cell line, SCCVII, showing direct invasion of the mandible by OSCC. Using this model, we examined the molecular mechanisms of bone invasion and the role of parathyroid-related protein (PTHrP). We established PTHrP, stable, knock-down SCCVII cells. Knock-down of PTHrP caused decreased osteoclast formation in vitro relative to expression levels of PTHrP. In vivo models showed dramatic suppression of bone invasion in PTHrP knock-down cells, and the degree of suppression was more pronounced than the level of PTHrP knock-down. We looked at an additive role of transforming growth factor-ß (TGF-ß) in PTHrP-mediated bone invasion. TGF-ß induced mRNA expression of PTHrP, showed no inhibitory effect on SCCVII cell proliferation, and caused epithelial mesenchymal trans-differentiation such as changes in the cells. Sections of resected mandibles from patients with invasive OSCC showed a great number of osteoclasts at bone invasion sites, strong expression of PTHrP, and decreased expression of E-cadherin in the tumour cells. Cancer-derived PTHrP appears to play a critical role in bone invasion by OSCC, mediated by osteoclasts. Moreover, TGF-ß appears to act synergistically to accelerate mandibular bone invasion.
Introduction
Squamous cell carcinomas account for more than 90% of malignant tumours of the oral cavity (1, 2) . Advanced oral squamous cell carcinoma (OSCC) frequently invades adjacent bones, causing bone destruction, pain, hypercalcaemia, fractures and nerve paralysis, which become major clinical issues (3) (4) (5) . Patients with OSCC and associated bone invasion require bone resection, which has a major influence on their quality of life and is a critical factor in their functional outcome. However, the mechanism by which OSCC invades bone and the means to prevent this invasion, remains unresolved. An understanding of the molecular mechanism of bone invasion associated with OSCC is thus urgently needed.
Animal models are essential for studying the mechanisms of mandibular invasion by OSCC. Our previous attempt to establish an animal model using a human OSCC cell line was unsuccessful, however, we have now established a murine mandibular bone invasion model using the murine OSCC cell line, SCCVII (6) . The growth of SCCVII cells is unaffected by the immune system. SCCVII cells directly invade the mandible when injected into the masseter muscle of C3H/HeN mice (7, 8) . Several human cancers such as breast cancer (9, 10) , prostate cancer (11, 12) , and myeloma (13, 14) metastasise to bone. Direct bone invasion and metastasis by cancer cells is reportedly mediated by osteoclasts rather than being directly caused by cancer cells (3) . Parathyroid hormone-related protein (PTHrP) is reported to be responsible for osteoclast-stimulating activity and bone destruction in breast carcinoma (15, 16) . The PTHrP secreted from tumour cells enhances osteoclastogenesis by inducing the expression of receptor activator of nuclear factor κB ligand (RANKL) in marrow stroma cells (17, 18) . RANKL stimulates RANK (receptor activator for nuclear factor κB), which is expressed on the surface of osteoclast progenitor cells, and the RANK signal promotes osteoclastogenesis. The process of bone resorption releases transforming growth factor-ß (TGF-ß) which increases the production of PTHrP by tumour cells, and the production of growth factors that increase tumour growth (19) .
We previously analysed bone invasion patterns (20) and immunohistochemistry (21) using mandibular bone specimens obtained from patients with OSCC and mandibular invasion. These analyses demonstrated that the presence of osteoclast activation factors including PTHrP, tumour necrosis factor-· (TNF-·), interleukin-6 (IL-6) and TGF-ß is important for this process (21) . In particular, it was found that, in almost all patients with OSCC and bone invasion, the tumour stained positively for PTHrP.
Using our murine model we have examined the molecular mechanism of bone invasion in OSCC, focusing on the roles of PTHrP and TGF-ß.
Materials and methods
Cell lines, murine bone invasion models and clinical samples. SCCVII cells were derived from a murine OSCC cell line (8) . The SCCVII cells were cultured in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO, USA) containing 10% fetal bovine serum, 100 μg/ml streptomycin and 100 μg/ml ampicillin. They were incubated at 37˚C in a humidified atmosphere with 5% CO 2 . NIH3T3 cells, derived from a cell line of murine fetal fibroblasts, were cultured under the same conditions and acted as a positive control.
Twenty-one male C3H/HeN mice, weighing about 20 g and between seven to nine weeks of age, were used. The bone invasion model was constructed as described previously (6) . Animal experiments were conducted according to the Guidelines for the Treatment of Experimental Animals at Tokyo Dental College. The animals in the SCCVII transplant group were maintained for three weeks after injection with the cells. At the end of week three, all surviving mice were sacrificed.
We recruited 18 patients with mandibular gingival SCC. 
Real-time quantitative reverse transcription (RT)-PCR.
Conditions for the real-time quantitative reverse transcription PCR (qRT-PCR) analysis have been described previously (22) . The following primer sets were used: 5'-CAACTTGTTCAA GGGCGTTGTG-3' (forward), 5'-TGTGGCTCCCATAGCA ATGTCTAA-3' (reverse) PTHrP; 5'-TTGCAAGTTCCTGC CATCCTC-3' (forward), 5'-CACATTGTCCCGGGTATCA TCA-3' (reverse) glyceradehyde-3-phosphate dehydrogenase. The PTHrP mRNA expression levels were normalized with glyceradehyde-3-phosphate dehydrogenase. All primers were designed to target a coding region and to cross an exon junction. Real-time detection of the emission intensity of SYBR Green was performed using a Thermal Cycler Dice™ Real Time System and an SYBR ® Premix Ex Taq™ kit (Perfect Real Time) (Takara Bio Inc., Shiga, Japan). Quantitative RT-PCR was performed at least three times, including a notemplate negative control.
Immunofluorescence and immunoblotting. Immunofluorescence and immunoblotting analyses were performed as described previously (22) . Immunofluorescent analysis was repeated twice, and all samples were observed using a confocal laser-scanning microscope (LSM510, Carl Zeiss, Germany). A primary rabbit, PTHrP polyclonal antibody (Santa Cruz Biotechnology, CA, USA) was applied at a dilution of 1:200. A ß-actin antibody (Sigma) was employed as a loading control.
Vector construction and retroviral infection. The destination vector, pDEST-CMSCVpuro, the retroviral short hairpin RNA (shRNA) expression vector, pDEST-CL-SI-MSCVpuro (formerly designated as pSI-CMSCVpuroDEST), and the entry vector, pENTR-H1R-stuffer, were constructed in accordance with previous reports (22) . Two shRNA expression vectors for PTHrP, pSI-CMSCVpuro-H1R-PTHrPshRNA#1 and pSICMSCVpuro-H1R-PTHrPshRNA#2, containing the 5'-GCT CAAACGCGCTGTGTCT-3' and 5'-GGAAACTGCACATG GGTCA-3' target sequences, respectively, were constructed. As a control (non-targeting sequence), the sequence 5'-TAAGG CTATGAAGAGATAC-3' was used in the shRNA expression vector pSI-CMSCVpuro-H1R-Control. The production of recombinant retroviruses was performed as described previously (22) . The two series of PTHrP stable knock-down SCCVII cells and the control SCCVII cells were designated as shRNA#1, shRNA#2, and shControl, respectively.
Osteoclast formation assay. Mouse bone marrow cells (1x10 6 ) were isolated from 7-week old C3H/HeN mice and co-cultured in 24-well plates with PTHrP knock-down SCCVII cells (1x10 5 ) in 0.5 ml of · modified minimum essential medium (MEM) (Sigma) containing 10% fetal bovine serum (FBS) in the presence of 1,25 dihydroxy vitamin D 3 (10 -8 M) and dexamethasone (10 -7 M). After 7 days, the cells were fixed and stained for tartrate-resistant acid phosphatase (TRAP). TRAP-positive, multinucleated cells, containing more than three nuclei, were counted as osteoclasts and counts were expressed as osteoclasts per well.
Micro-computed tomography, three-dimensional reconstruction and counting of osteoclasts.
We implanted the SCCVII cells into three groups of 7 mice each (shControl, shRNA#1, and shRNA#2 groups). All mice were confirmed as showing tumour formation. Micro-computed tomography (μ-CT) scans of all mice heads were taken and reconstructed with a KMS-755 microtomographic system (Pony Co., Kashimura, Osaka, Japan) and a KMS755 microfocus CT Rebuilder (Version 1.00, Image Script Co., Ltd., Kashimura, Osaka, Japan). The photographs were reconstructed threedimensionally using a dedicated software package (TRI/3D Bon; R 2.1.16-S Ratoc, Tokyo, Japan). We also determined the tumour volume and bone invasion on μ-CT sections.
Four-micron thick frontal sections were made through the centre of the mandibular tumours. Osteoclasts from the tumour/bone interface were assessed at the invasion sites using TRAP staining. The number of osteoclasts at the sites of bone invasion was assessed using an average of 20 sites per section.
The effect of TGF-ß on SCCVII cells in vitro.
SCCVII cells were cultured with TGF-ß (R&D, MN, USA) in Opti-MEM medium (Gibco, NY, USA). SCCVII cell proliferation was analyzed at 24, 48, and 72 h by counting the number of cells using a blood cell counting chamber. The levels of expression of PTHrP, E-cadherin, vimentin, and snail1 in SCCVII cells after 72 h of culture with TGF-ß (5 ng/ml) were analyzed by qRT-PCR. The following primer sets were used: 5'-TTGCA AGTTCCTGCCATCCTC-3' (forward), 5'-CACATTGTCCC GGGTATCATCA-3' (reverse) E-cadherin; 5'-AAAGCGTG GCTGCCAAGAAC-3' (forward), 5'-GTGACTGCACCTGT CTCCGGTA-3' (reverse) vimentin; 5'-GTGTCTGCACGAC CTGTGGAA-3' (forward), 5'-ACAGGCCTGGCACTGGTA TCTC-3' (reverse) snail1.
Immunohistochemical staining of resected human mandibles.
Resected tumour and mandibular blocks from patients with gingival SCC were fixed with 10% paraformaldehyde, decalcified in formic acid and embedded in paraffin. Sections (5 μm) were stained with haematoxylin and eosin (H&E). Immunohistochemical staining was performed using CD68 antibody (Dako, clone Kp-2, working dilution 1:200), PTHrP antibody (Calbiochem, working dilution 1:200) and Ecadherin antibody (NCL36B5, working dilution 1:100). TRAP staining is not suitable for decalcified specimens, therefore we used CD68 antibodies to detect osteoclasts. Specimens treated with PBS alone were used as negative controls. Specimens where staining in the cytoplasm was more pronounced than the negative controls were regarded as positive.
Statistical analysis. The Student's t-test was used to assess the statistical significance of the difference between means. A P<0.05 was considered to be statistically significant.
Results

PTHrP over-expression in a mouse OSCC cell line (SCCVII).
The level of expression of PTHrP in the cultured SCCVII cells was at least 10-fold higher than in the cultured PTHrP-positive NIH3T3 cells (P<0.001) (Fig. 1A) . The level of expression of PTHrP in the implanted SCCVII tumour cells was 4-fold higher than that in the background oral mucosa tissues (P<0.001) (Fig. 1B) . Immunofluorescence showed that the cytoplasm of the SCCVII cells stained positive for PTHrP (Fig. 1C and D) confirming that SCCVII cells express high amounts of PTHrP.
Stable knock-down of PTHrP. Stable PTHrP knock-down cells, generated by RNA interference technology using retrovirus vectors, were used to evaluate the role of PTHrP in bone invasion. qRT-PCR and immunoblotting showed statistically significant reductions in the levels of PTHrP mRNA and protein in the two series of stable PTHrP knock-down SCCVII cells (shRNA#1 and shRNA#2) compared with the control cells (shControl) in vitro (shCont. vs shRNA#1, P=0.04; shCont. vs shRNA#2, P=0.01) ( Fig. 2A and B) . The reduction in mRNA PTHrP levels was more significant in the shRNA#2 group. These results suggested that a stable, PTHrP knockdown was successfully generated in SCCVII cells. These cell lines were used for further analysis.
Reduction in osteoclast formation in PTHrP knock-down cells.
To determine the effect of PTHrP suppression, we analyzed osteoclast formation in transfected SCCVII cells, shControl, shRNA#1, and shRNA#2. Both shRNA#1 and shRNA#2 showed significantly fewer osteoclasts than the shControl cells (shRNA#1, P=0.02; shRNA#2, P=0.002) (Fig. 2C ). There were fewer osteoclasts in the shRNA#2 than in the shRNA#1 cells. This suggested that the stable knock-down of PTHrP caused a decrease in the number of osteoclasts relative to the expression levels of PTHrP.
Orthotopic murine model of bone invasion. The effect of the PTHrP knock-down was analyzed using the murine model in vivo. We analyzed bone invasion in each mouse group using three-dimensional reconstructions of the skull created from μ-CT sectioning as macroscopic observations, and H&E and TRAP staining as microscopic observations (Fig. 3A-L) .
Expression of PTHrP mRNA in the implanted tumours was decreased in the shRNA#1 and shRNA#2 groups compared with the shControl (Fig. 3M) . These results confirmed that the implanted SCCVII cells continued to display the effects of the PTHrP knock-down. Samples from the shControl group in the upper panel (Fig. 3A-D) show severe destruction of the mandible (Fig. 3A arrow) and zygoma (Fig. 3B arrowhead) . In fact, the mandible and zygoma have nearly disappeared. Samples from the shRNA#1 group (Fig. 3E-H ) and the shRNA#2 group (Fig. 3I-L) showed deformation of the mandible and zygoma without destruction. The mandibles were asymmetric and the zygomata were bowed. We determined bone resorption from μ-CT sections and computer modelling. The mean bone resorption volumes in the shRNA#1 (mean volume: 1.089 mm 3 ) and shRNA#2 groups (mean volume: 0.632 mm 3 ) were about 5-fold lower than that in the shControl group (mean volume: 4.601 mm 3 ) (Fig. 3N ). H&E staining (x40) of the shControl group specimen showed funicular invasion and a serrated pattern of bone resorption (Fig. 3C) . H&E staining (x40) of the shRNA#1 and shRNA#2 group specimens did not show clear bone invasion (Fig. 3G and K) . After TRAP staining (x200), osteoclasts were easily identified. Osteoclasts of the shControl group were found at the bone invasion site (Fig. 3D) . Fewer osteoclasts were found outside the bone invasion site (Fig. 3H and L) . The number of osteoclasts in the shControl group was ~3-fold greater than the number in the shRNA#1 and shRNA#2 groups (Fig. 3O) . The number of osteoclasts followed a similar pattern to PTHrP expression. The mean tumour volume of the shControl group (mean volume 474.3 mm 3 ) was larger than that of the shRNA#2 group (mean volume 332.8 mm 3 ; P=0.03), however, the difference between the shControl and shRNA#1 groups was not statistically significant (mean volume 374.6 mm 3 ; P=0.11) (Fig. 3P) .
The effects of TGF-ß on SCCVII cells in vitro.
We evaluated the effects of TGF-ß on SCCVII cells in vitro. Initially, we confirmed the concentration of TGF-ß, as previously recommended (23) , and categorized the levels of TGF-ß into graduated concentrations (0.5, 1, 5, 10, and 50 ng/ml). PTHrP expression increased with increasing levels of TGF-ß in the concentration range 0.5-5 ng/ml (data not shown). The level of expression of PTHrP in the cells with TGF-ß (5 ng/ml) was 13% higher than that in those cells without TGF-ß (P=0.01) (Fig. 4A) . We then confirmed the growth of SCCVII cells cultured with TGF-ß. TGF-ß did not inhibit SCCVII cell proliferation in culture at any time-point (24, 48 , and 72 h) (Fig. 4B) . Phase-contrast images were taken after 72 h of culture with TGF-ß. The SCCVII cells became spindle-shaped following TGF-ß treatment (Fig. 4C) . TGF-ß is related to epithelial mesenchymal transdifferentiation (EMT), so we measured the levels of the genes, E-cadherin, vimentin, and snail1. The level of expression of E-cadherin in the presence of TGF-ß was less than that observed without TGF-ß (Fig. 4D) . The level of expression of vimentin and snail1 in the presence of TGF-ß was greater than that observed without TGF-ß. Immunohistochemical staining of OSCC in sections from patients with mandibular bone invasion. H&E staining showed a serrated pattern of bone invasion (Fig. 5A) . Tumour cells showed no direct contact with osteoclasts or the mandible itself. Large numbers of monocytes, macrophages and osteoclasts were observed between the tumour and the bone at the bone invasion sites (Fig. 5B) . Tumour cell cytoplasm stained positive for PTHrP (Fig. 5C ), whereas the negative control, without PTHrP antibody, showed no staining (Fig. 5D) . When staining the clinical specimens for E-cadherin, staining was weak at the bone resorption sites (Fig. 5E ), but at the centre of the tumour, strong E-cadherin staining was observed around the cell membrane in a punctate pattern (Fig. 5F ).
Discussion
PTHrP is a major mediator of osteoclast activity (24) and clinical analyses have suggested that osteoclast activation factors, including PTHrP, are highly expressed in patients with OSCC with bone invasion (21) .
We firstly evaluated levels of PTHrP expression in mouse OSCC cell lines (SCCVII cells) with the ability to invade bone. High levels of expression of PTHrP mRNA and protein were observed in these SCCVII cells, as is seen in patients with OSCC with bone invasion (21) . We generated stable PTHrP knock-down cells by RNA interference technology using retroviral vectors in order to evaluate the role of PTHrP in bone invasion. An in vitro osteoclast formation assay showed that both the shRNA#1 and shRNA#2 cells developed fewer osteoclasts than the shControl. This indicated that the stable PTHrP knock-down of SCCVII cells inhibited osteoclastogenesis in vitro. Using these cells we further verified the in vivo effect of stable PTHrP knock-down. We showed that the PTHrP knock-down inhibited bone invasion, and that the number of osteoclasts was associated with the level of PTHrP expression in SCCVII cells. The tumour volumes of the PTHrP knock-down SCCVII cells tended to be small, although the data did not show a significant statistical correlation between tumour volume and bone invasion. The mean bone resorption volume of the PTHrP knock-down SCCVII cells was significantly smaller than controls, implying that osteoclast activity is more important for active bone invasion than tumour volume.
In our in vivo murine model, the level of PTHrP expression in the shRNA#1 and shRNA#2 groups was 40% less than that of the shControl, while the bone resorption volumes of the ShRNA#1 and shRNA#2 groups were 75% less than that of the shControl. The murine model showed that bone invasion was suppressed, and the suppression of the bone resorption was more pronounced than the PTHrP knockdown levels. These findings led to the hypothesis that microenvironmental factors have additive roles in PTHrP-mediated bone OSCC invasion. TGF-ß acts synergistically with PTHrP expression in breast cancer (19) . TGF-ß is stored in bone and is released through bone resorption. Released TGF-ß increases the production of PTHrP by tumour cells as well as the production of growth factors that increase tumour growth (25) . We verified the effects of TGF-ß in OSCC and, as expected, TGF-ß induced PTHrP mRNA expression. In addition, TGF-ß did not inhibit the growth of SCCVII cells but did induce EMT-like changes. EMT in vitro is characterized by the reversible conversion of polarized epithelial cells into highly motile fibroblastoid cells (26, 27) . Members of the TGF-ß family can initiate and maintain EMT (28, 29) . EMT is associated with tumour invasiveness and intravasations and extravasations of metastatic cells (28) .
The level of expression of EMT-associated genes such as E-cadherin, vimentin, and snail1 were changed significantly in the presence of TGF-ß, indicating that TGF-ß causes the EMT-like changes seen in the SCCVII cells. We considered that PTHrP-induced bone invasion caused TGF-ß release, PTHrP up-regulation and EMT of the cancer cells, which further accelerated bone invasion. These findings suggested that PTHrP acted synergistically with TGF-ß to accelerate mandibular bone invasion. Our analysis of patients with OSCC and bone invasion showed a great number of osteoclasts at the bone invasion sites, strong expression of PTHrP and reduced expression of E-cadherin in tumour cells. Findings from the murine model and clinical studies suggest that PTHrP from tumour cells activates osteoclasts, and then TGF-ß from the resorbed bone causes EMT in the tumour cells.
In conclusion, our results indicate that cancer-derived PTHrP plays a critical role in OSCC mandibular bone invasion mediated by osteoclasts. The results of this study may provide a new approach for the treatment and management of OSCC.
